We have developed a dose-tracking system (DTS) that provides a real-time display of the skin-dose distribution on a 3D patient graphic during fluoroscopic procedures. Radiation dose to individual points on the skin is calculated using exposure and geometry parameters from the digital bus on a Toshiba C-arm unit. To accurately define the distribution of dose, it is necessary to use a high-resolution patient graphic consisting of a large number of elements. In the original DTS version, the patient graphics were obtained from a library of population body scans which consisted of larger-sized triangular elements resulting in poor congruence between the graphic points and the x-ray beam boundary. To improve the resolution without impacting real-time performance, the number of calculations must be reduced and so we created software-designed human models and modified the DTS to read the graphic as a list of vertices of the triangular elements such that common vertices of adjacent triangles are listed once. Dose is calculated for each vertex point once instead of the number of times that a given vertex appears in multiple triangles. By reformatting the graphic file, we were able to subdivide the triangular elements by a factor of 64 times with an increase in the file size of only 1.3 times. This allows a much greater number of smaller triangular elements and improves resolution of the patient graphic without compromising the real-time performance of the DTS and also gives a smoother graphic display for better visualization of the dose distribution.
INTRODUCTION
The use of x-ray image guided minimally invasive interventional procedures for treating cardiac, neuro and abdominal diseases has been increasing. The duration of these procedures is often very long, resulting in a large amount of ionizing radiation being delivered to the patient and thus increased risk of deterministic skin effects. [1] [2] [3] [4] [5] To help manage this risk, we have developed a dose tracking system (DTS) that calculates the radiation dose to the patient's skin in real-time by acquiring exposure parameters and imaging-system-geometry (beam orientation, patient table height and position, SID, etc.) from the digital bus on a Toshiba Infinix C-arm unit. The cumulative dose values are displayed as a color map on a 3D graphic of the patient as seen in Fig. 1 , for immediate feedback to the interventionalist. [6, 7] In the previous version of the DTS, the patient graphics consisted of a range of models from the Caesar R project which were scans of actual people. [8] The surfaces of these models were described by a number of individual triangular elements, each with its own set of three '3D' vertices. The graphic files consisted of a list of interleaved vertices and the normals of individual triangular elements as shown in Figure 2 . Format of the graphic file (Caesar R Anthropometric project) used to represent the patient skin surface in the original version of the DTS. 'f 1 -f p ' refer to the triangular elements of the graphic. 'v 1 (f p )' refers to the first vertex of the 'f p ' triangular element and consists of three floating point numbers that define the x,y,z spatial co-ordinates of the vertex. 'n 1 (f p )' refers to the normal to the vertex v 1 (f p ), and consists of three floating point numbers that define the x, y, z direction of the normal. Similarly v 2 (f p ) and v 3 (f p ) refer to the second and third vertex of the 'f p ' triangular element; while n 2 (f p ) and n 3 (f p ) refer to the normal to the vertices v 2 (f p ) and
With this model, the DTS calculates skin dose for the vertices of individual triangles by determining those triangles with any or all of its vertices within the x-ray beam. For the vertices that are shared by a multiple number of triangles, dose has to be calculated multiple times. For example, considering the set of six triangles (labeled a-f) in Fig.1 , vertices of the triangle elements are listed in Table 1 . Vertex '0' that is shared by the six triangles is loaded six times into the DTS. This results in the calculation of the dose for vertex '0' six times. Since the overall graphics consists of a very large number of triangles, a large number of redundant calculations were made in the DTS.
We have earlier shown that 3D humanoid models generated by using available software such as MakeHuman can be used to expand the library of patient graphics to represent a wide range of patients with different weights, age, sex and heights. [9, 10] In this study we present the approach of using the indexed format of the triangular element vertices in the graphic files exported from MakeHuman, so that dose is calculated only once for each vertex, thereby reducing the overall number of dose calculations performed in the DTS and thus the overall time of dose calculations. This gain in speed and reduced time can be used to allow an increase in the patient graphic resolution by subdividing the triangular elements. n2: nx2>nY2,nz2; nn: nx0nYv>nz9; t2: tx2,ty2,t22; tr: b4,tYr14; 
MATERIAL AND METHODS
A third party freeware called MakeHuman was used to generate 3D humanoid graphics of varying heights and weights which are exported in files with Collada ('.DAE') format. These files consist of a list of unique vertices (with the x, y, z spatial co-ordinates of each vertex) used to define the surface constituting the patient graphic, a list of normals for each vertex, and a list of textures for each vertex. The file also contains a listing of quadrilateral surface elements (f s ) with the indices to their four defining vertices, as well as the texture and normals to these vertices (see Fig. 4 ). Figure 4 : Structure of Collada file exported from Makehuman. v 1 -v p define the 3D coordinates of the vertices, n 1 -n q refer to the unit vector that defines the normals to the vertices, t 1 -t r define the texture information; and f 1 -f s define the four sided polygons where v 1 (f s ) is the index to vertex 1 of s th polygon, t 1 (f s ) is the index to texture of vertex 1 of s th polygon, n 1 (f s ) is the index to normal of vertex 1 of s th polygon and so on.
The collada files are then imported into another free software, Blender, for morphing the graphic as needed (e.g., to move the arms of the graphic above the head for lateral projections or down for frontal projections, as shown in Fig. 5) . [11] The files are then exported as Object (.OBJ) files. Before exporting, four sided polygons (default output format from MakeHuman) are changed to triangles by using the built-in function from Blender software which just divides the quadrilateral into two triangles by adding a line between vertices at one of the diagonals and retaining the normals of the original vertices. Quads are converted to triangles because OpenGL (the free graphic library used in DTS for rendering the patient graphic) would eventually convert the quads to triangles before rendering, and thus this additional step of conversion in the DTS is eliminated by doing the conversion before loading the file into the DTS. Also, texture information is discarded, as this information is not required in the DTS. The format of the .OBJ file is shown in Fig. 6 . Fig. 4 and each four sided polygon has been converted to a triangle.
To increase the density of points on the graphic surface, the .OBJ file is then loaded into a MATLAB program where a custom written function is used to divide each triangle in the file into four sub-triangles. This division is repeated two more times to get an overall 64 times improvement in resolution. [12] Subdividing the triangles in this manner does not improve or degrade the surface contouring but does provide finer definition of the beam edge on the skin. MakeHuman originally determines the triangular element size by the flatness of the surface such that more curvature requires smaller triangles so that simple subdivision is acceptable in defining additional points on the skin surface. The Matlab function also removes the repeated vertices, if any in the list, and finally writes the information into a binary file, which can be fast read into the DTS.
The binary file is read into the DTS in two different arrays. The first array contains the 3D coordinates of individual vertices and the normal to each vertex, while the second array contains the index to the vertices that correlates them to the triangular elements, as shown in 
RESULTS AND DISCUSSION
The change in format used to represent the patient graphic points in the DTS helps to save memory and helps to implement the improvement in patient graphic resolution without slowing down the DTS program. The memory size of the patient graphic files was reduced from about 32 MB in the old version to about 10 MB in the new format for the same resolution. For the old version of the DTS using Caesar project models, a typical number of triangular elements within the beam is about 150 with about 450 vertices for an 8 cm x 8 cm field at the patient entrance skin surface, which is typical for cardiac interventional procedures. After a 64 times improvement in resolution, the file size increases to about 42 MB, with the same size beam encompassing about 10,000 triangular elements but with only about 400 vertices in the file since each vertex point is represented once in the new format. Thus it is seen that, even with 64 times improvement in resolution, there are fewer vertex data points in the new graphic file as compared to the old file; however the graphic file size is increased by 1.3 times over that of the old format since a list of element correlation indices is also added. The resulting high-resolution graphic allows for better delineation of the beam on the patient graphic surface and hence gives a better defined visualization of the dose distribution on the patient skin surface as shown in Figure 8 . The new approach also allows the surface smoothening functions of OpenGL (the library used for rendering patient graphics in the DTS) to be used. Figure 9 shows the patient graphic drawn with the new approach, while fig. 10 shows a screenshot of the DTS graphic with a simulated cardiac procedure performed on a pediatric phantom. The effect of surface smoothening is clearly seen in the two cases, in comparison to the graphic shown in Figure 1 . The DTS has been successfully modified to read the graphic in two arrays: one used to carry the information of the 3D vertices and their normals and the other to contain the indices of the vertices used to relate them to the corresponding triangular elements constituting the patient graphic. 
CONCLUSIONS
We have used a new format of the patient graphic file to represent the patient skin surface in the DTS. The new format allows for improving the patient graphic resolution without drastically impacting the performance speed of the DTS, and also gives a better visualization of the patient graphic and dose distribution. Better definition of the dose distribution will enable more precise dose spreading to reduce peak skin dose from overlapping beam projections.
